of Pseudomonas aeruginosa Treated with Sulbenicillin and Dibekacin. Tohoku J. exp. Med., 1987, 152 (2), 119-128 A possible mechanism responsible for the combined effects of sulbenicillin and dibekacin on Pseudomonas aeruginosa TAM 1007 was investigated. The bactericidal activity of the above two drugs in combination was very strong. The regrowth of test strains after removal of the drugs was suppressed markedly, even when they were exposed to sulbenicillin plus dibekacin at a subinhibitory concentration of individual drugs. Sulbenicillin caused elongation of the bacterial cells. At the early stage of elongation, no demonstrable changes of ultrastructure of the cell wall were observed. At the late stage, lysis of the peptidoglycan layer occurred and spheroplast was formed. However, most of the outer membrane of the cell wall remained intact. Sulbenicillin acts upon the peptidoglycan layer, but not on the outer membrane. Thus it is difficult for sulbenicillin alone to cause cell lysis. On the other hand, dibekacin caused destruction of ribosomes and lysis of the outer membrane of the cell wall. Both sulbenicillin and dibekacin act on the cell wall, the former on the peptidoglycan layer (the inner membrane) and the latter on the outer membrane. The combined use of sulbenicillin and dibekacin caused elongation of bacilli and severe destruction of the inner and outer membranes of the cell wall. These morphological changes occurred even when the concentration of the individual drug was lower than its minimum inhibitory concentration (MIC). Furthermore, the cells elongated by sulbenicillin were ruptured easily when treated with dibekacin subsequently. The bacilli treated with dibekacin at a concentration lower than MIC and then treated with sulbenicillin at a concentration lower than MIC showed a marked elongation of the cells, which indicated that the effects of sulbenicillin was enhanced by dibekacin. These findings suggested strongly that sulbenicillin and dibekacin act on cell wall constituents and that their effects were complementary and synergistic. electron microscopy ; pseudomonas ; sulbenicillin ; dibekacin ; synergism Excellent therapeutic efficacy of the combined regimens of /3-lactam and aminoglycoside on pseudomonal infections has been demonstrated as can be expected from the results of experiments on in vitro synergism (Sasaki et al. 1980 ; Aonuma et al. 1982a, b). Nakazawa et al. showed in their electron microscopic
observations that P. aeruginosa cells became elongated when exposed to carbenicillin (CBPC) or sulbenicillin (SBPC). Treatment with penicillin plus gentamicin (GM) usually causes elongation of bacterial cell and destruction of the cell surface structure . Several investigators reported the ultrastructural changes on the cell surface of P. aeruginosa when exposed to aminoglycosides (Fukushi and Hirano 1973; Iida and Koike 1974; Nishino and Nakazawa 1975; Ohtsuki et al. 1978) . Our previous paper revealed that dibekacin (DKB) acted directly on the cell surface and caused destruction of the outer membrane of the cell wall (Aonuma et al. 1986 ).
In this paper, the results of studies concerning the synergism of SBPC and DKB, and the fine structural changes in bacilli treated with SBPC, DKB and SBPC plus DKB will be presented.
MATERIALS AND METHODS
Antibiotics. SBPC and DKB were the commercially available products of Takeda Chemical Ind., Ltd. and Meiji Seika, Ltd., respectively.
Bacteriostatic activity of SBPC plus DKB. Heart infusion (HI) agar plates containing SBPC plus DKB at varying concentrations were prepared. One loopful (about 5 jul) of the test organism, P. aeruginosa TAM 1007 (10' colony-forming units, CFU/ml), preincubated overnight at 37°C in Trypticase soy broth (TSB), was inoculated onto the above plates, and incubated for another 18 hr at 3TC. Then the absence, or presence of growth of bacilli was recorded on a checker board.
Time-kill assay and regrowth after removal of drugs. An inoculum of 6 x 10' CFU/ml of P. aeruginosa was poured into HI broth containing SBPC, DKB, or SBPC+DKB. The HI broth without antibiotic was used as a control. The concentrations of the antibiotics were as follows : SBPC, 200 and 25 jig/ml; DKB, 0.39 ,u g/ml ; 25 ,u g/ml of SBPC plus 0.39 ,u g/ml of DKB. Colonies were counted and the number of CFU/ml was recorded after 2 hr and 4 hr of incubation at 3TC, respectively.
In the next experiment, the test bacilli were cultured for 4 hr in the presence of test drugs, washed throughly and transferred into drug-free HI broth. Colonies were counted and the number of CFU/ml was recorded after 1, 2 and 3 hr of incubation.
Electron microscopic observation of P. aeruginosa IAM 1007 treated with SBPC, DKB or SBPC + DKB. An overnight culture of P. aeruginosa IAM 1007 was diluted with HI broth and a suspension containing 6 x 10' CFU/ml was prepared. Then aliquots were taken, diluted as required and incubated with drugs as follows : (1) The bacterial cells were incubated with 200 and 25,ug/ml of SBPC at 37°C for 1 and 2 hr, respectively. (2) The bacilli were treated with 12.5 and 0.781ug/ml of DKB at 37°C for 2 hr. (3) The bacilli were incubated in broth containing 200,ug/ml of SBPC at 37°C for 2 hr, washed and then kept for 2 more hr at 37°C in HI broth containing 0.78,ug/ml of DKB. (4) The bacilli treated with 0.39,ug/ml of DKB at 37°C for 2 hr were washed with saline and incubated in HI broth containing 25,ug/ml of SBPC. (5) Bacilli were treated with 25pg/ml of SBPC plus 0.39 jig/ml of DKB at 37° C for 2 hr. These bacilli [(1) through (5) ] were then negatively stained with 0.5% uranyl acetate and examined by an electron microscope. Also thin sections for electron microscopy were prepared from the same specimen.
RESULTS
Bacteriostatic activity of SBPC, DKB and SBPC plus DKB. inhibitory concentrations (MICs) of SBPC and DKB against P. when bacilli were treated for 4 hr with 1/8 MIC of SBPC plus 1/2 MIC of DKB, the viable cell count decreased markedly and the number of CFU at 4 hr of incubation was found to be less than 1/1,000 of the initial inoculum.
Regrowth after removal of drugs. The regrowth of bacilli treated with 1/8 MIC of SBPC plus 1/2 MIC of DKB for 4 hr was strongly supressed even 4 hr after removal of the drugs. The bacilli treated with SBPC, or DKB alone, however, began to regrow immediately after removal of the drugs (Fig. 3) .
Electron microscopic findings of P. aeruginosa treated with SBPC, DKB or SBPC + DKB. The thin sections of P. aeruginosa IAM 1007 revealed that the cell wall consisted of a triple layer structure, i.e., a double-layered outer membrane and a peptidoglycan layer (Fig. 4) .
When bacilli were treated with 12.51ag/ml of DKB, the electron micrograph of a thin section showed degeneration of ribosomal particles in cytoplasm, blebs and partial rupture of the outer membrane (Fig. 5) . Such structural changes of the bacterial cell were not detected when treated with 0.78 p g/ml of DKB.
The bacterial cells treated with 200 pg/ml of SBPC became markedly elongated. In these cells, no structural changes of the cell wall were found at the early stage of elongation. Partial destruction of the peptidoglycan layer and detachment of the cell wall from the cytoplasmic membrane occurred at the late stage (Figs. 6 and 7) . Occasionally, spheroplast was formed also. The outer membrane of the cell remained intact despite the occurrence of lysis of the peptidoglycan layer (Fig. 8) . Cell lysis was observed very rarely. When treated with 25 lug/ml of SBPC, elongation of the cells was not remarkable. ., SBPC 25,ug/ml ; •-., DKB 0.39pg/ml ; •-•, SBPC 25
,u g/ml plus DKB 0.39 ,u g/ml combination. Fig. 4 . A thin section P. aeruginosa IAM 1007. Cell surface is smooth. The cell wall shows a triple layered structure, a double layered structure of the outer membrane and a thinner unilayered structure of the inner membrane (peptidoglycan layer). The cytoplasm is filled with ribosomal particles. x 32,000. 9 shows an electron micrograph of bacilli that were treated with 200,ug/ ml of SBPC and then with 0.78,ug/ml of DKB. Typical morphological changes in the bacilli thus treated were elongation of the cell, and formation of bleb-like processes on the cell surface. However, no significant changes were observed when bacilli were treated with 0.78 jig/ml of DKB alone.
In the bacilli treated with 0.39 ,u g/ml of DKB and then with 25 ,u g/ml of SBPC, a markedly elongated cell without septum was found, but the surface structure remained intact (Figs. 10 and 11) .
In contrast, when bacilli were treated with 25 ,u g/ml of SBPC plus 0.39 ,u g/ ml of DKB, the morphological changes were much more remarkable. As shown in Fig. 12 , the bacterial cells became markedly elongated. Most of them were ghost-like. Bleb-like processes and numerous holes were on the cell surface (Fig.  13) . Moreover, the thin section of the same sample showed partial defects of the outer membrane and destruction of the peptidoglycan layer (Fig. 14) .
DISCUSSION
The in vitro synergism between /3-lactam and aminoglycoside against P. aeruginosa has already been reported (Aonuma et al. 1982a , b ; Nakazawa et al. In this cell, the outer membrane of the cell wall remains intact despite the occurrence of lysis of the peptidoglycan layer.
x 27,000. . 9. An electron micrograph of P. aeruginosa IAM 1007 treated with 200pg/ ml of SBPC for 2 hr and then with 0.78 pg/ml of DKB for 2 hr. Cells are elongated and bleb-like processes are formed on the cell surface.
x 20,000.
1975; Sasaki et al. 1980 ). In the present experiment, an in vitro synergism of SBPC and DKB against P. aeruginosa IAM 1007 was evident as shown by an FTC index of 0.375. Also demonstrated was the bactericidal action, and suppression of regrowth in the presence of SBPC plus DKB even at their individual subinhibitory concentrations. Several investigators have described ultrastructural changes of the cell surface of P. aeruginosa when incubated with aminoglycosides ( In our previous communication, we have studied electron micrographs of P. aeruginosa IAM 1007 treated with DKB and have found severe destruction of the cell wall, which was due to the direct action of DKB on the cell surface structure (Aonuma et al. 1986 ). On the other hand, treatment with SBPC caused elongation of the cell and partial destruction of the peptidoglycan layer. However the outer membrane remained intact.
In contrast, treatment of bacilli with 200 ,u g/ml (1 MIC) of SBPC and then with 0.78 jig/ml (1 MIC) of DKB caused extensive destruction of the membrane structure of the cell wall. It is unlikely that these destructive changes were caused by 1 MIC of DKB alone. Presumably SBPC causes destruction of the peptidoglycan layer but does not destroy the outer membrane directly and enhances the potential destructive effects of DKB on the outer membrane. Moreover, when treated with 1/2 MIC of DKB and then with 1/8 MIC of SBPC, the bacilli became much more elongated than when exposed to 1/8 MIC of SBPC alone. Therefore, it is likely that any damage to the outer membrane caused by a subinhibitory concentration of DKB makes it easier for SBPC to reach its target enzymes, i.e., penicillin-binding proteins on the cytoplasmic membrane. Simultaneous treatment with 1/8 MIC of SBPC plus 1/2 MIC of DKB resulted in marked elongation of the bacterial cell and destruction of the cell surface structure.
As mentioned above, SBPC and DKB caused different changes in cell surface structure of Pseudomonas. The synergism of the above two drugs may be ascribed to their synergistic action resulting from the inhibition of peptidoglycan synthesis by SBPC and that of protein synthesis by DKB. On the other hand, it is also possible that the effects of SBPC and DKB are complementary, because each of them acts on different components of the cell wall. It is to be emphasized that such complementary effects as postulated above requires special consideration in discussing the enhanced bactericidal and bacteriolytic actions produced by the combined use of SBPC and DKB. 
